Branching fractions and oscillator strengths for Fe II transitions from the 3d(6)((5)d)4p subconfiguration. Astrophys. J. 464 (2), 1044-1049 (1996 ABSTRACT New experimental branching fractions and transition probabilities are reported for 56 transitions in Fe II. The branching fractions are measured with a Fourier transform spectrometer and also with a highresolution grating spectrometer on an optically thin hollow cathode discharge. Highly accurate experimental radiative lifetimes from the recent literature provide the normalization required to convert our branching fractions into absolute transition probabilities. Results are compared with experimental and theoretical values in the literature. Our new transition probabilities will establish the absolute scale for relative absorption oscillator strengths of vacuum ultraviolet lines measured using a new high-sensitivity absorption experiment at the University of Wisconsin.
INTRODUCTION
The high abundance of iron and iron-group elements in astrophysical objects has motivated extensive studies of their spectra. Although sufficient transition probability (or fvalue) data are available at wavelengths longer than 200 nm to let one determine abundances of the iron-group elements, the data are often inadequate to let one perform a reliable spectral synthesis for quantitative study of rarer elements. There is very little accurate transition probability data for Fe II lines at wavelengths shorter than 200 nm.
A new high-sensitivity absorption experiment has been developed at the University of Wisconsin-Madison. The high-sensitivity absorption experiment measures relative oscillator strengths for transitions originating from a common lower level. Currently, that experiment is used to measure the strengths of vacuum ultraviolet transitions in Fe II by comparing to transitions of knownf-values above 200 nm. This provides further motivation for measuring the most accurate possible (better than ± 10%) transition probabilities in Fe II that will provide reliable reference lines above 200 nm. These measurements will determine an accurate absolute scale for relative f value measurements below 200nm.
The critical compilation of atomic transition probabilities by Fuhr, Martin, & Wiese (1988) reviewed experimental transition probability measurements in the iron group spectra before 1988. For Fe II the most accurate transition probability measurements were determined by combining branching fractions, measured on a Fourier transform spectrometer (Kroll & Kock 1987 ; unpublished work by Whaling reported in Fuhr et al. 1988 ) with the radiative lifetime measurements of Hannaford & Lowe (1983) . A subset of Fe II transition probabilities in this compilation has an uncertainty of ± 10%. The goal of this study is to check, to expand, and to improve this subset for use as reference lines in the high-sensitivity absorption experiment.
The most widely applicable and reliable method for measuring extensive sets of transition probabilities of lines above 200 nm combines branching fractions, measured 1044 using Fourier. transform spectroscopy, and radiative lifetimes, measured using laser-induced fluorescence. Studies of Y 1 and Y II (Hannaford et al. 1982) , of Sc 1 and Sc II (Lawler & Dakin 1989) , and of Fe 1 (O'Brian et al. 1991) in addition to the earlier work on Fe II demonstrate the power of this approach. In this paper we report new experimental branching fractions for most significant branches from the z 6 D 0 , z 6 P 0 , z 6 P 0 , z 4 D 0 , and z 4 P 0 terms in Fe II. The energy levels range in energy from 38,000 cm -1 to 46,000 cm -1 . Highly accurate experimental lifetimes from the recent literature (Biemont et al. 1991; Guo et al. 1992; Hannaford et al. 1992; Schade, Mundt, & Helbig 1988 ) are used to normalize our branching fractions. Most of the lifetime measurements were performed using the fast beam-laser method and thus are accurate to better than ±5%. The combination of these lifetimes and our branching fraction me:i-surements provides new and reliable transition probability determinations for 56 transitions in Fe II.
BRANCHING FRACTIONS
In this study, we use two different spectrometers. One is a 0.2 m Fourier transform spectrometer (FTS). The other is a 3 m focal length echelle grating spectrometer. Argon branching ratios are often used to construct a relative radiometric calibration for a FTS in the visible and nearultraviolet (Whaling, Carle, & Pitt 1993) . In this study a limited set of Fe II branching ratios measured using the grating spectrometer is used to construct a relative radiometric calibration for the FTS in the deep UV. Two standard lamps are used for radiometrically calibrating the grating spectrometer.
The emission source is a water-cooled, open-ended hollow cathode discharge. The cathode is 1 cm inner diameter, 10 cm long. Discharge currents from 20 mA to 1.5 A are used in this experiment. The discharge is run with either neon, argon, or a mixture of these as a buffer gas. Emission from Fe II levels is optimized at 1.2 torr argon or 2.3 torr neon. The hollow-cathode discharge system uses essentially all metal seals, allowing stable operation with a static gas fill.
The relative radiometric calibration of the FTS in the deep ultraviolet is based on a limited set of Fe 11 branching ratios for selected lines from the z 6 D°-, 12 , z 6 P'!, 12 , andz 4 F~1 2 levels, and also of the recently published Fe 11 branching fractions for lines from the z 4 D°-, 12 and z 4 F ~1 2 levels (Bergeson, Mullman, & Lawler 1994) . These measurements are made on the 3 m vacuum echelle grating spectrometer at the University of Wisconsin. The observed resolving power exceeds 600,000. Because the instrument is operated fa high order, 22-26 for this experiment, a premonochromator is used as an order sorter. The spectrometer uses an uncoated, back-thinned, boron-doped, deep UV sensitive CCD detector array. The CCD chip is from SITe. The camera head, electronics, and software are all from Princeton Instruments.
The relative response of the grating spectrometer-CCD detection system is calibrated as a function of wavelength using a NIST traceable Optronics D 2 lamp and verified using a NIST calibrated argon mini-arc (Bridges & Ott 1977) . The Optronics D 2 lamp is a secondary standard of spectral irradiance and should not be imaged onto the spectrometer entrance slit. This means that only parts of the spectrometer grating and mirrors are illuminated in a calibration run. We compensate for this by varying the position of the D 2 lamp in a plane perpendicular to the optical axis of the system and find no variations in the performance of the system. Statistical uncertainty from the apparent branching ratios before the radiometric calibration typically range from "'1 % to 5%, indicating the reproducibility and high signal-to-noise ratios in the data. The calibrations of the standard lamps used to set the radiometric scale have uncertainties on the order of 5%. The statistical uncertainty in our calibration runs are typically 1 %-3%. Therefore, the accuracy of the branching fractions ranges from 5% to 8%.
Scattered or stray light in the grating spectrometer presents a potential systematic error for the radiometriC calibration. The stray light level is determined by measuring the photon flux between orders of the 3 m spectrometer. We checked the validity of this approach by measuring line absorption in Hg 1 at 254 nm. When the column density of Hg 1 becomes large, light passing through the Hg absorption cell at line center is completely absorbed. Measuring the light level at line center under conditions of complete absorption gives an independent measurement of stray light inside the spectrometer. The error in our radiometric calibration due to stray light inside the spectrometer is verified to be ~1%.
The FTS used in this experiment is the Chelsea Instruments FT500 VUV FTS at the University of Lund. A resolution limit as small as 0.025 cm -1 , absolute wavenumber accuracy of 0.001 cm-1 , UV response to the quartz cutoff, and an extremely high data handling rate make this instrument ideally suited for measuring branching fractions in Fe II. We measure 27 different spectra under a variety of conditions in the emission source while this instrument is optimized for the UV with an assortment of photomultiplier tubes and filters. Although some of the spectra extend to wavelengths longer than 300 nm, only a few of the weak branches at longer UV and visible wavelengths from the levels of interest are observed in these spectra. This generally occurred for high lamp currents which result in radiation trapping of the dominant branches to the a 6 D and a 4 D terms. The weak branches omitted in this study are generally less than 3% of the decay from an upper level. The procedure we use to correct our branching fractions for these omitted branches is described in the following paragraphs. The Fourier transforms of the interferograms and phase corrections are made using the software package GREMLIN, written by J. W. Brault. The Fe 11 transitions are identified by comparing the emission from the hollow cathode discharge with both previously observed Fe 1 and Fe 11 lines (Dobbie 1938; Crosswhite 1975; Johansson 1978; Nave et al. 1994) .
The statistical uncertainty in branching ratios from the integrated line intensities approaches 1 % for strong lines on the FTS. However, statistical uncertainties for weaker lines are on the order of 5%-10%. In general, the uncertainties in the branching ratios used to set the relative response of the FTS are accurate to this same level.
The emission source is stable over time, but not perfectly. With the FTS, these small variations in intensity do not affect the measured relative intensities of emission lines, because an interferogram is a simultaneous measurement of all spectral elements. However, these intensity fluctuations can contribute to the overall noise level in the transformed spectrum. For measurements on the grating instrument, we alternately measure different lines from the same upper level and average the results. This ensures that any fluctuations or drifts in the emission from the hollow cathode discharge over time are averaged out.
Using the. two spectrometers, the apparent branching ratios are measured with resolving powers ranging from 6 x 10 4 to 10 6 , to check for blends with Fe 1 and Fe 11 lines or other line structure. Measurements are also made while varying the buffer gas to check for blends with neon or argon, and while varying the current by a factor of 75, to check for radiation trapping. For most of the transitions in this study, we find a low current region where the apparent branching fractions for strong lines are independent of current.
LIFETIMES
Recently, new experimental radiative lifetimes were published for the low odd parity levels in Fe 11 included in this study. The radiative lifetimes for most of the levels in the z 6 D 0 , z 6 F 0 , and z 6 P 0 terms have been measured by Biemont et al. (1991) . The lifetime for most of the levels in the z 4 D 0 and z 4 F 0 terms have been measured by Guo et al. (1992) . Both of these studies used the fast beam-laser method, which is one of the more precise and accurate methods for measuring radiative lifetimes. These lifetimes have been confirmed by a number of other workers using the slightly less accurate (but very efficient) time-resolved laser-induced fluorescence method (Hannaford et al. 1992; Salih & Lawler 1983; Schade et al. 1988; Nitz, Bergeson, & Lawler 1995) . For the few cases where the measurements of Biemont et al. (1991) and of Guo et al. (1992) are incomplete, we use lifetimes from Hannaford et al. (1992) or from Schade et al. (1988) .
RESULTS
Branching fractions from this work are listed in Table 1 . The number in parentheses after an entry is the uncertainty in the last digit(s). We have included for completeness our earlier results on lines from the z 4 D°-, 12 and z 4 F9 12 levels in b The letters in the column "Unc." represent the uncertainty in the FMW compilation: A :S: 5%; B :s; 10%; C :S: 25%; D :s; 50%.
• Nahar 1995, also Nahar & Pradhan 1994 . d Fawcett 1988 .
• Kurucz 1988. • The upper levels of the possible blending transitions are not efficiently populated in a low current discharge with Ar buffer gas. The upper levels can be efficiently populated in a discharge with Ne buffer gas by charge exchange in the discharge. We observe only a real effect from blending for the transition at 233.801 run. We measure the branching ratios for all three of these transitions in a low-current discharge with Ar as the buffer gas.
h In our data we saw an unexplainable trend in current. We have searched wavelength tables trying to find a candidate for a blend, but have found nothing in Ar 1, Ar II, Ne 1, Ne II, Fe 1, Fe II, or any of the possible contaminants in either the cathode material or the buffer gas. We have omitted this line from the table. Since this line is apparently a significant branch, we are unable to publish any transition probability data for any transition out of this upper level. (O'Brian et al.1991) and intensity measurements on other levels in the z 5 H 0 indicate that this blend is a major component to the apparent strength of the line. We publish only branching ratio information for the other lines out of this upper level in Table 4. weaker Fe II transitions, but these unobserved branches contribute typically 3% or less of the total decay from the upper level. Using the data from the critical compilation (Fuhr et al. 1988) , we correct our branching fractions for these unmeasured branches. For example, in level z 6 D9 12 , we do not observe the branches at 273.245 nm and 327.735 nm. The critical compilation indicates that these transitions comprise 0.12% of the total decay from the upper level. Accordingly, instead of normalizing our branching fractions to 1.0, we correct for the unmeasured branches by normalizing to 0.9988. For this reason, the branching fractions for most levels in Table 1 sum to a few percent less that 1.0. These corrections are generally within the uncertainty in the branching fractions and reflect a small adjustment to our values.
Our data are compared to the previously published experimental values from the critical compilation (Fuhr et al. 1988) , and also the theoretical values of Fawcett (1988) , of Nahar (1995) and Nahar & Pradhan (1994) , and of Kurucz (1988) . In Table 1 , we correct the branching fractions of Nahar (1995) and Nahar & Pradhan (1994) , and of Fawcett (1988) for the uncalculated branches as described in the previous paragraph. The agreement between the branching fractions from the critical compilation and our results is very good. Omitting the z 4 F~1 2 and the z 4 D1 12 level from the comparison, the average and rms difference between our work and the critical compilation is -1.6% and 14.8%, respectively. Further limiting the comparison to branching fractions stronger than 0.2, the average and rms difference between our work and the critical compilation is -0.6% and 4.7%, respectively. The agreement between the branching fractions of Fawcett (1988) and the current work is also good. For the entire data set, the average and rms difference between Fawcett's branching fractions and our results is -0.8% and 13.2%, respectively. For the limited subset of levels in the z 6 D 0 and z 6 F 0 terms, the agreement is even better. The average and rms agreement is 0.07% and 4.4%, respectively. Our new branching fraction measurements are also in rather good agreement with work by Kurucz (1988) . Table 2 presents gf values from this work along with results from the literature. This table includes both vacuum and air wavelengths and is organized by wavelength for the reader's convenience. It was not practical to include in Table 2 all of the experimental work on Fe II ef-values. Some very recent work on lines connected to the ground fine structure level is based on observations of the interstellar medium using the Goddard High Resolution Spectrograph aboard the Hubble Space Telescope (Cardelli & Savage 1995) . In particular a ef-value of 0.326(23) for the resonance line at 237.374 nm was determined by Cardelli & Savage. The good agreement with our new value of 0.313(14) is indicative of the much improved internal consistency and absolute accuracy of these Fe II ef-values.
Even with resolving powers of 10 6 , there are several blends in Fe II that we cannot resolve. Some of these blends are with Fe II transitions originating in very high lying levels, which are inefficiently populated in a low current discharge with argon buffer gas. Others are blends with Fe 1 or possibly another element in our discharge. Table 3 lists the potentially blended lines, the possible blending candidates, and states briefly how we treated the problem. For levels where the dominant branches are blended, and where we cannot determine transition probabilities, we list branching ratios for other transitions out of the upper level in Table4.
CONCLUSION
We report new experimental branching ratios and absolute transition probabilities for 56 transitions in Fe II. The transitions are from the lowest 25 odd parity energy levels in Fe II, which range in energy from 38,000 cm -l to 46,000 cm -1 • Our results are compared to previously published results in the literature. In the future, these lines with accurately known oscillator strengths will be used as reference lines in a high sensitivity absorption experiment on Fe II, to determine oscillator strengths of vacuum ultraviolet lines.
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